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Introduction
Laboratory observations of seismic anisotropy reflect a preferred orientation of cracks and/or mineral grains in the sample. Anisotropy has been observed by several investigators [eg., Boyce, 1976; Tucholke et al., 1976] in studies of compressional-wave velocities in sediments recovered by the Deep Sea Drilling Project (DSDP), but because the measurements were made at atmos-" pheric pressure it is not clear whether the velocity anisotropy will persist at in situ pressures.
The few velocity measurements which have been made at elevated pressures [e.g. Schreiber et al., 1972; Christensen et al., 1973] suggest that significant anisotropy is present in some calcareous rocks.
Calcareous sediments are among those most frequentlyrecovered by deep sea drilling, and their widespread occurrence and significance are well documented [e.g., Heezen et al., 1973; van Andel, 1974] . Thus if velocity anisotropy is pervasive in sections containing abundant calcareous sediments, it will b~an important factor influencing the propagation of seismic waves in the uppermost regions of the oceanic crust. For example, the variable-angle reflection method is commonly used to determine the velocity structure of the deep sea sediment column [e.g., Houtz et al., 1978 Houtz et al., , 1970 Hamilton et al., 1974; 1977] , and because the data reduction technique assumes the sediments to be elastically isotropic [Dix, 1955; Clay and Rona, 1965; Le Pichon et al., 1968] , the presence of marked velocity anisotropy may introduce significant errors in velocity and depth determinations. The purpose of this study is to investigate velocity anisotropy in semi-indurated calcareous deep-sea sediments at in situ pressures. We have selected a variety of samples for measurement, collected at different depths from three sites in the western South Atlantic on leg 39 of the Deep Sea Drilling Project. The study originated as part of a preliminary investigation of seismic velocities in rocks from the South Atlantic [Carlson and Christensen, 1977a, b] .
Procedures
Water saturation and porosity have long been recognized as significant factors affecting the elastic properties of rocks [Wyllie et al., 1985; Nur and Simmons, 1969; Hamilton, 1971] . To retain maximum water saturation, all samples discussed in this paper were shipped to the shore laboratory in sealed, water-filled containers, and saturation was carefully maintained until all measurements were completed.
Another very important consideration is the extent to which the cores have been disturbed by drilling, because the physical properties of disturbed sediments clearly cannot be related to conditions within the sediment column. None of the samples used in this study showed any evidence of drilling disturbance. Bedding was plainly visible in each core and showed no indication of distortion. Moreover, subjecting the samples to confining pressures of 1.0 kbar produced no significant change in length or diameter.
Two samples in the form of right circular cylinders, 2.54 em in diameter and 2.9-3.8 em in length, were cut from adjacent parts of 11 DSDP core sections. The cylinders were cut with axes parallel and perpendicular to the core axis to facilitate the measurement of compressional-wave velocities parallel and perpendicular to bedding. Because the watersaturated samples proved to be easily damaged in handling, density and porosity measurements were made using wafers 0.5-1.0 cm thick trimmed from the ends of the horizontal cylinders. After wet~bulk densities were determined by immersion, the samples were weighed to the nearest 0.01 g. Sample volumes were then computed from the weights and densities. Finally, the wafers were air dried and weighed again in order to determine water contents and porosities. No correction Compressional-wave velocities were measured by the pulse-transmission method as described by Birch [1960] , at hydrostatic confining pressures to 1.0 kbar. Though the accuracy of this technique is 0.5% at pressures above a few kilobars [Christensen and Shaw, 1970] , an error value of 2% is perhaps more realistic for confining pressures less than 1.0 kbar. Prior to the pressure runs the sides of the cylinders were wrapped in two layers oflOO-mesh copper screen and enclosed in copper foil, and the ends of the samples were sealed with silver-conducting paint. The purpose of the screen is to maintain pore pressures substantially lower than the confining pressure by providing voids into which pore water can escape. The foil prevents the pressure medium from penetrating the rock, and with the conducting paint, provides an electrical ground for the transducers. Electrodes having the same diameter as the samples were held in place with gum-rubber tubing, which prevents the pressure medium from entering the space between the transducer and the sample or entering the sample through the ends.
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The Results
Wet-bulk densities, porosities, depths of recovery, velocity-pressure data, anisotropy data, and brief sample descriptions are listed in Table 1 . Sample numbers refer to DSDP site, core, and section. Numbers in parentheses are arbitrarily assigned and correspond to the numbers shown in Figures 1 and 3-7 .
Vh refers to the velocities of compressional waves propagating in the horizontal direction. Similarly, Vv refers to waves propagating in the vertical direction, and anisotropy is expressed as
Of particular importance in this discussion are relations between anisotropy A and other parameters: mean velocity V, density p, porosity $, and depth of burial d; density-porosityarid velocity-density relations are also of interest. Wet-bulk density values for this suite of calcareoussediments range from 1.8 to 2.3 g/cm3, with corresponding porosities ranging from 48 to 23%. The relationship betWeen p and $ is graphically illustrated in Figure 1 . A linear least squares fit on p on $ (where $ is factional porosity) produced the relation
with a correlation coefficient r,of 0.98. Thus these samples have a uniform grain density near 2.7 g/cm3. This result is in excellent agreement with previous observations based upon large numbers of samples [Hamilton, 1970] . However, the implied pore fluid density of 0.89 g/cm3
suggests that these sediments were either slightly undersaturated at the time of measurement or that some water was trapped in pore spaces after drying. Sediment compressional-wave velocities, measured parallel and perpendicularto bedding at 0.5 kbar, are plotted against density in Figure 2 . Similar data for oceanic DSDP basalts [Christensen and Salisbury, 1975] [ Boyce, 1976; Tucholke et al., 1976] . Also evident is the tendency for anisotropy to increase with increasing density or increasing mean velocity. The relationships of anisotropy to average velocity Vat 0.1 kbar and to density pare' illustrated in Figures 3 and 4 , respectively. In each case a linear regression equation has been computed, with correlation coefficients of 0.75. Anisotropy is seen to increase markedly with mean velocity or density. The range of anisotropy values is 5.2-16.3%.
The variation of anisotropy at 0.1 kbar with depth of sample recovery is illustrated in Figure 5 ; the same point is illustrated in Figure 6 , but the difference in velocities, V = Vh-Vv measured at 0.1 kbar, has been used to give the reader a feeling for the magnitude of the velocity anisotropy in kilometers per second. The range of recovery depths is 0.39-0.75 km. The figures show that velocity anisotropy is well developed at depths of burial less than 0.4 km and that anisotropy increases markedly with iepth, the rate jf increase of~V being 0.62 t 0.16 km/s/klli.
Discussion
Several pertinent points regarding the occurrence of velocity anisotropy in calcareous deep sea sediments are evident. With values in excess of 5%, velocity anisotropy is strongly in evidence at depths of burial less than 0.4 km. Between 0.4 and 0.8 km, anisotropy increases approximately 19%/km and reaches a value near 16% at the lowest level sampled (Figure 5 ). The rate of increase in the difference between horizontal and vertical velocities is 0.62 t 0.16 km/s/km, with a maximum difference between Vh and Vv of 0.45 km/s.
A particularly important point is that the 0.5 samples used in this study were recovered at DSDP sites 354, 356, and 357, in water depths of 4045,3175, and 2086 m respectively. The addition of water depths to the depths of overburden shown in Figures 5 and 6 introduces a large degree of scatter. Hence velocity anisotropy in calcareous sediments is closely related to depth of overburden, but bears little relationship to depth below sea level.
In the absence of optical or X ray petrofabric data the specific causes of velocity anisotropy in these calcareous sediments remain unknown, but there are at least two possible causes: the alignment of cracks and pores in bedding planes and (2) preferred orientation of calcite resulting from either mechanical or chemical processes.
Two lines of evidence suggest that the geometry of cracks and pores is not responsible for the observed velocity anisotropy in calcareous sediments. Because pore spaces close under increasing pressure, vertical velocities would be expected to increase more rapidly than horizontal velocities with depth, producing a decrease in anisotropy. In fact, Figure 7 . V is plotted against confining pressure. In 9 of the 11 cases studied. confining pressure is seen to have no appreciable effect on the difference between the velocity in the bedding plane and the velocity normal to bedding. Peselnick and Robie [1962] and Dandekar [1968] have measured compressional-and shear-wave velocities in calcite single crystals at atmospheric pressure. Dandekar [1968] found that the compressional-wave velocity for propagation parallel to the c crystallographic axis is 5.61 km/s. while the velocity of propagation in the plane normal to the c axis is about 7.35 km/s. Thus a preferred orientation of calcite grains with c axes perpendicular to bedding planes would produce the anisotropy pattern observed in this study. The development of such a fabric presents a complex problem.
Calcareous deep sea sediments consist almost exclusively of biogenic detritus. the calcareous remains of microfossils which accumulate on the sea floor. The highly ordered arrangement of calcite crystallites which make up certain forms including those of the Coccolithus pelagicus group. the Cyclococcolithus leptoporus group. and the Discoasters is such that the optic axes of the calcite crystals are normal to the long dimensions of the microfossils (S. Gartner. personal communication. 1977 ). Other coccoliths are also known to have well ordered structures [Black. 1963; Bukry. 1971] . but in these forms of calcite c axes are not perpendicular to their long dimensions. and the geometric details of their structures are poorly understood. Though they appear to be randomly 0.8 calcite are more resistant to dissolution than those more nearly parallel to c, and Bukry [1971] has observed that forms most resistant to solution are those with c axes normal to their long dimensions. Indeed, such forms are those on which reprecipitation commonly occurs. For example, Adelseck et a1. [1963] and van der Lingen and Packham [1975] have observed that reprecipitation commonly occurs first on Discoasters. These observations imply that the preferred orientation of calcite grains in calcareous sediments may be enhanced during diagenesis by the process 0.5 Studies by Griggs et a1. [1960] , Heard [1963] , Ferreira and furner [1964 ], Friedman [1964J, and Neumann [1969 have shown that calcite recrystallization produces a strong fabric with a axes normal to the extension directions, in this case the bedding plane. Furthermore, the temperature required to initiate recrystallization in calcite is found to be inversely related to strain rate.~Vhether conditions at depth in the sediment column will produce calcite recrystallization is unknown, but if this process does operate, it will produce a fabric which is compatible with the observed velocity anisotropy.
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